Abstract
Introduction
There has been a significant increase in demand for underground urban railway (subway) with rapid growth of population in Tabriz metropolis. Because of the limited space for underground construction, excavation is often difficult, especially in homogeneous loose soils. Various methods of soil stabilization have been used in underground space. Artificial ground freezing (AGF) is one of these methods [1] in which in situ soil is temporarily frozen with artificial exhaustion of heat with the aim of improving the soil properties. AGF leads to decrease in settlement and permeability and increase in shear strength of soil. AGF offers a number of technical advantages over other methods of soil stabilization. Especially, when other methods of soil improvement are considered infeasible, AGF could be the only way if it is analysed and designed properly. Furthermore, AGF is an environmentally friendly method that has no lasting negative effects on soil and groundwater considering its reversibility [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Freezing of water in soil pores changes its mechanical properties. In practice, freezing tubes are used to freeze in-situ soils [14] . Freezing tubes used in the AGF method consist of two concentric pipes [15] . The end of the outer pipe is closed while the end of the inner pipe is open. The coolant enters into the freeze pipe and after reaching the deepest point of the inner pipe it returns and passes through the gap between the two pipes ( Figure 1 ). During the movement of the coolant in the gap, the refrigerant extracts heat from the surrounding ground [16] . [16] Understanding the mechanical behavior of the frozen soil is essential in the application of AGF and the construction project that follows. Initial comprehensive studies on frozen soils [17] [18] [19] (Sayles 1968 , Sayles and Haines 1974 , Ting 1981 ) mainly focused on the creep behavior of frozen soils such as sand, silt and clay. However, in the last few decades, almost all aspects of frozen soils have been considered.
Many researchers have studied AGF and its effects on soil properties and mechanical behavior of frozen soils [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . However, compared with unfrozen soils a greater effort is required to study frozen soils [30] [31] [32] [33] . A mine shaft project near Swansea in South Wales is the first recorded application of AGF in 1862 [7] . Although AGF has been used for more than a century, there are limited publications concerning physical properties and mechanical behavior of frozen soils in practical projects and case studies. It should be noted that, the research works on the effects of freeze-thaw on the behavior of various materials should not be mistaken with AGF method [34] . The use of AGF as a soil supporting system is gradually increasing in underground engineering applications. However, there are still many unknowns, especially in frozen marl soil [35] .
Freezing of soil has a considerable effect on improving its mechanical properties due to the formation of a rigid ice-soil matrix. Experimental results reported by Anagnostopoulos and Grammatikopoulos indicated that this improvement depends directly on water content and it is inversely proportional to the increase in consolidation pressure and sand content. A higher water content would lead to desirable mechanical properties after freezing [36] .
Yugui conducted a series of triaxial compression tests on frozen silt at -8°C. The results showed nonlinear stress-strain curves for both axial and volumetric strains prior to failure. In the early stages of loading, the slope of the deviator stress-axial strain curve linearly increased due to closure of pre-exiting cracks. Then, the slopes of both deviator stress-axial strain and deviator stress-lateral strain curves decreased gradually with the increase in axial strain [37] . Xue-lei et al. studied the effects of freezing on Lanzhou silty clay. The results showed that, at a constant temperature, the shear strength of soil increases with increase in confining pressure. Also at constant confining pressure, shear strength of frozen soil increases with decrease in temperature [38] . Yang et al presented results from an experimental study to investigate the mechanical properties of frozen soil. More than sixty tailing samples were frozen at temperature of −16 °C and then tested under uniaxial compression. Based on the results, three failure patterns were observed in the samples: inclined plane shear failure, lateral tensile failure, and composite failure involving both. Uniaxial compressive strength of tailing was related logarithmically, exponentially, linearly and parabolically to average particle size, dry density, moisture content and strain rate, respectively [39] . Xu et al. showed that natural frozen saline silty sand exhibits flexible failure and strain-hardening behavior, whereas the desalted silty sand with the same water content exhibits brittle failure and a clear strain-softening behavior. They concluded that, the soil brittleness is reduced by the presence of salt. The strength of both the natural frozen saline silty sand and the desalted frozen silty sand increased with increasing the confining pressure and with decreasing temperature. Furthermore, the strength of the natural soil was lower than that of the desalted soil in all tests which indicates that the strength of the frozen silty sand is reduced by the presence of salt [40] .
Some researchers have developed simulation models to study the behavior of frozen soils. Casini et al. presented a fully coupled thermo-hydro-mechanical model that was extended to low temperature problems. The model was validated for a freeze and thaw process against experimental results from triaxial compression tests at different temperatures and confinement pressures. The mechanical behavior of the frozen soil was simulated by an elastoplastic constitutive law based on the BBM (Barcelona Basic Model). The performance of the model was verified during all stages of the test, including drained compression, freezing, equalization, axial loading in frozen conditions, and thawing [41] .
From the mechanical characteristics of frozen loess, Gibbs free energy function and dissipation function can be established by applying the hyper-plasticity theory [42] . An incremental elastoplastic constitutive model for frozen loess was derived from the two thermodynamic functions and a method was presented to determine the corresponding parameters. The simulation results showed that the constitutive model proposed by Lai et al. can describe well the deformation behavior of frozen loess under different stress levels and stress paths [43] .
Yang et al. studied the mechanical properties of naturally frozen silty soil at a relatively high strain rate. The results showed that, the ultimate compressive strength of naturally frozen specimens is lower than that found in previous studies for remolded frozen silty soils [44] . Li et al. presented empirical equations to describe the accumulated shear strain, accumulated direction ratio and elastic modulus of frozen soils [45] . Li et al. developed a constitutive model by combining the empirical equations and the classical elastoplastic theory [46] . The model was successfully verified with aid of triaxial test results.
The experimental investigations presented the current paper aim to examine the mechanical properties of the specimens obtained from Line 2 of Tabriz Urban Railway in order to assess the feasibility of application of AGF in tunneling and underground excavation in this project.
Experimental procedure
This section presents the description of the equipment and instrumentation used to conduct the triaxial compression tests on frozen specimens and the experimental procedure.
Testing apparatus and instrumentation
Due to its limited and specific applications, triaxial compression apparatus for frozen soils is not readily available on the market. In this study, a strain controlled triaxial compression apparatus was designed and manufactured in the Geotechnical Laboratory of the University of Tabriz. Figure 2 shows the manufactured triaxial apparatus for frozen soils and its components. The components include refrigeration system and thermal transducer (Figure 2) . The manufacturing steps were as follows: puter system, (6) data acquisition, (7) pump power, (8) cooling power, (9) cooling machine, (10) thermostat-thermometer, (11) deviator stress system, (12) triaxial chamber, (13) thermal transducer, (14) coolant input, (15) load cell.General layout of a freeze pipe -Lathing of triaxial chamber, connecting of transducers, sealing and examining for high pressure tests.
-Connecting the load cell and LVDT to data logger and data acquisition system. This triaxial system was registered as a patent in the Intellectual Property and Industrial Research Organization of Iran. The development and manufacturing of the triaxial apparatus for testing of frozen soils has facilitated a wide ranges of studies including determination of mechanical and geotechnical parameters of frozen soils, constitutive modelling of frozen soils and also simulation of artificial ground freezing in underground construction projects. Figure 3 shows the general layout of the Tabriz urban underground railway system. The geological profile of the subway Line 2 is shown in Figure 4 . The samples for this experimental program were taken from L2T5 and L2T3 boreholes ( Figure  4) . The samples were identified as marl (from L2T5) and noncohesive soil (from L2T3). The marl and granular soil samples were classified as CL and SP according to the Unified Soil Classification System (USCS) with ASTM D2487 [47] . Based on the particle size distribution curves ( Figure 5 ) and Atterberg limits tests, the physical properties of the 2 soils are summarized in Tables 1  and 2 . These samples are the most frequent soil types along the subway line 2. According to the site investigation results, in the central part of the route, the CL and SP soils are mainly below the groundwater table. The soil samples were used in this study to assess the feasibility of application of AGF in excavations and underground construction along the subway line 2.
Soil samples
Cylindrical specimens, 50 mm in diameter and 100 mm in height, were prepared for the triaxial tests. Based on the phase relationships, in accordance with the borehole conditions on the site, all soil specimens were remolded with the same void ratio, density and water content. To ensure repeatability and comparability of the test results, this was done carefully in the laboratory. A vacuum pump was used to saturate the soil samples.
Considering the rigidity of the curing molds of frozen soils (and hence the prevention of radial expansion), the expansion due to freezing could only occur in the longitudinal direction from top and bottom. These freezing heaves were levelled off in order to cap the samples. Special molds were designed to freeze the soil at the desired subzero temperatures. These sleeve molds were made of aluminum, due to its high thermal conductivity; which were surrounded from top and bottom by insulated panels. In this work it is aimed to propagate the freezing front in the radial (rather than vertical) direction, since the in situ soil is frozen radially due to the freezing pipes. On the other hand, rapid freezing in radial direction may lead to absence of ice lenses. Figure 6 shows one of the sleeve curing molds that was used in this research.
Test program
Application of AGF in different projects is affected by various factors such as type of soil, subzero temperature (and freezing duration), ice saturation, confining pressure, rate of loading, used machine capacity and coolant. In this study, two types of soil, SP and CL, were investigated under different temperatures, strain rates and confining pressures. More than 120 unconsolidated undrained (UU) triaxial compression tests were conducted on frozen CL and SP soils obtained from boreholes to evaluate the improvement of soil strength and mechanical behavior of frozen soil, according to the ASTM D4083 [48] . UU test was selected as it better represents the in-situ conditions for this case study. Axial load was applied under straincontrolled condition with strain rates of 0.1, 0.2, 0.5, 1 and 2 mm/min, under the confining pressures of 0, 50, 100, 200, 400 and 800 kPa, at temperatures between -1°C to -11°C to define the shear strength parameters. All the tests were performed in an insulated room where the temperature was monitored and controlled at the range of . Control tests were performed to confirm the validity of the experiments and the accuracy of the tests implementation.
Experimental results and analysis
Soil is a heterogeneous material, generally consisting of solids, water and air. Therefore, unforeseen stress-strain behavior is likely to occur in the above mentioned phases. Since this research is a case study investigating the feasibility of application of AGF in tunneling and underground excavation in line 2 of Tabriz urban railway, the main variable parameters are the soil type in the case study area, temperature, strain rate and confining pressure. The other parameters such as ice saturation, soil particle content and void ratio were kept constant. In this study, all the observed failures were non-brittle so that both frozen marl and frozen sand showed a flexible deformation due to sagging in the sample. Detailed discussion of the research results is presented in the following sections.
Effect of temperature on the frozen soils
To investigate the effect of freezing and subzero temperatures on the mechanical behavior of frozen soils, the soil specimens should be tested with the same confining pressure, strain rate, void ratio and ice saturation in accordance with the site conditions. Figures 7 and 8 show the stress-strain behavior of the frozen CL and SP soils at different temperatures under constant strain rate of 1 mm/min and confining pressure of 200 kPa. The effect of temperature on modulus of elasticity and shear strength of the frozen soils is summarized in Table 3 . The results show that the frozen SP soil exhibits strain-softening behavior while the frozen CL soil shows strain-hardening behavior. In the frozen SP soil, a peak is observed on the stress-strain curve and the peak stress increases and shifts to the right (occurs at higher axial strain) as the temperature decreases.
In the frozen CL soil, shear strength increases until ultimate strain and no peak is observed. In the frozen CL soil, the stressstrain behavior exhibits more strain-hardening as the temperature decreases; at lower temperatures (i.e. -1°C and -2°C) the behavior of the frozen marl is nearly elastic-perfectly plastic. For both frozen CL and SP soils, the shear strength and Young's modulus increase with decreasing temperature. Under similar conditions, the Young's modulus and shear strength of the frozen SP soil is considerably higher than the frozen CL soil but the rate of increase of these parameters with temperature is much higher for the CL soil. 
Effect of strain rate on the mechanical behavior of the frozen soils
To study the effect of strain rate on the mechanical behavior of frozen soils, the confining pressure, temperature, ice saturation and void ratio were kept constant. Figures 9 and 10 show the stress-strain behavior of the frozen CL and SP soils at different strain rates under constant temperature (-3°C) and confining pressure (200 kPa). The effect of strain rate on the Young's modulus and shear strength of the two soils is summarized in Table 4 . The results show that, at different strain rates, the frozen SP and CP soils exhibit strain-softening and strain-hardening behavior respectively. Again, a peak stress is observed in the stress-strain curves of the SP soil while the deviator stress of the CL soil increases until ultimate strain. It appears that, by increasing the strain rate, the peak stress of the frozen SP soil slightly shifts to the right (occurs at higher strains). At all strain rates, the frozen marl shows a slight hardening behavior. The results in Table 4 and Figures 9 and 10 show that the Young's modulus and shear strength of both soils increase with increasing the strain rate. Despite the effect of temperature on the mechanical properties of frozen specimens as mentioned above, increasing strain rate leads to equal and proportional growth in the rate of increase in shear strength of both frozen CL and SP soils. Under similar conditions, the amount of increase in Young's modulus is greater for the CL soil than the SP soil. 
Effect of confining pressure on the mechanical behavior of the frozen soils
To study the effect of confining pressure on the mechanical behavior of the frozen soils, tests were conducted at 6 different confining pressures of 0, 50, 100, 200, 400, 800 kPa under constant strain rate (1 mm/min) and constant temperature (-3°C). The effect of confining pressure on the Young's modulus and shear strength of the two soils is summarized in Table 5 . Figures 11 and 12 show the stress-strain behavior of the frozen CL and SP soils at the mentioned confining pressures. As in previous tests, strain-softening and strain-hardening behaviors were observed for the frozen SP and CL soils respectively. The shear strength increases with increasing the confining pressure but the amount of increase is more for the CL soil than the SP soil. Increasing of confining pressure leads to increase in Young's modulus of the frozen CL and SP soils. Under similar conditions, the rate of increase in Young's modulus is greater for the CL soil than the SP soil. 
Conclusions
In this study, the effects of temperature, confining pressure and strain rate on the stress-strain behavior and mechanical parameters of frozen soil were examined. The study was carried out to assess the feasibility of using artificial ground freezing (AGF) for Line 2 of the Tabriz urban railway project. A program of experiments was designed and conducted on two soils obtained from the site that are the major dominant soils in the subway line 2. The specimens were remolded in accordance with the in situ soil conditions. To ensure repeatability and comparability of the tests results, ice saturation, soil particle content and void ratio were kept constant according to the in situ conditions. A special type of mold was designed and fabricated for curing the frozen samples. A triaxial compression apparatus for testing of frozen soils was designed and manufactured in the Geotechnical Laboratory of the University of Tabriz. More than 120 triaxial compression tests were conducted on the frozen specimens. It was concluded from the results that, the frozen SP and CL soils exhibit strain-softening and strainhardening behaviors, respectively. A clear peak shear strength is observed in stress-strain curves of the SP soil, while in the case of the CL soil, the shear stress increases gradually until ultimate strain in all the tests conditions.
For both soils, the shear strength increases with decreasing temperature and increasing strain rate. However, the rate of increase is greater for the CL soil. Shear strength increases with confining pressure for the CL soil but the amount of increase in shear strength is less for the SP soil than the CL soil. Decrease in temperature results in shifting of the peak state to the right in the stress-strain curves of the frozen SP soil. At low temperatures, behavior of the CL soil is nearly elastic-perfectly plastic.
In all cases, Young's modulus increases with decreasing temperature and with increasing strain rate and confining pressure. However, the rate of increase is much greater for the CL soil. It was shown that the Young's modulus and shear strength of the frozen SP soil are much larger than the frozen CL soil in all test conditions. Based on the results, the application of the AGF method was recommended for coarse-grain and noncohesive soils like SP in the Tabriz Subway project.
